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ABSTRACT 
 
The field of skyrmionics has been actively investigated across a wide range of topics during 
the last decade. In this topical review, we review and discuss key results and findings in 
skyrmionics since the first experimental observation of magnetic skyrmions in 2009. We 
particularly focus on the theoretical, computational and experimental findings and advances 
that are directly relevant to the spintronic applications based on magnetic skyrmions, i.e. their 
writing, deleting, reading and processing driven by magnetic field, electric current and 
thermal energy. We then review several potential applications including information storage, 
logic computing gates and non-conventional devices such as neuromorphic computing 
devices. Finally, we discuss possible future research directions on magnetic skyrmions, 
which also cover rich topics on other topological textures such as antiskyrmions and 
bimerons in antiferromagnets and frustrated magnets. 
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1. Background 
1.1. Topological Spin Textures 
Topology is an important discipline of pure and applied mathematics, which also 
plays a significant role in the understanding of many real-world physical phenomena. In the 
field of magnetism and spintronics, the concept of topology is particularly important to the 
physics of some exotic magnetic spin textures (i.e., the so-called magnetic solitons) [1-7], 
including different types of magnetic skyrmions and vortex-like spin textures, where the 
behaviors of textures are determined by their topological characteristics. These topologically 
non-trivial spin textures can be either two-dimensional (2D) or three-dimensional (3D) in real 
space, and usually carry integer or half-integer topological charges determined by their spin 
textures in the topological space [1-7]. For most cases, the well-studied topological spin 
textures are those localized in 2D or quasi-2D magnetic thin films and multilayers because 
magnetic thin films and multilayers are better understood and preferred for building 
nanoscale spintronic applications. Several recent works have also demonstrated promising 
properties of 3D topological spin textures [8-18], leading to the prediction that 3D spin 
textures might be used in combination with 2D textures in the future. In this review, however, 
we will focus on and limit our discussion to 2D topological spin textures in magnetic 
materials. Figure 1 shows various exemplary topological spin textures that can be found in 
such 2D or quasi-2D magnetic materials. Note that quasi-2D system means the variation of 
spin texture along the thickness direction can be ignored, such as in the thin film with a finite 
thickness. 
Due to the topological nature, spin textures can be regarded as localized quasi-
particles in magnetic materials and show topology-dependent static and dynamic properties 
[1-7, 19]. In the context of 2D and quasi-2D systems, the topological structure of a spin 
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texture is generally characterized by the topological charge [20, 21], which is also referred to 
as the Pontryagin number [2, 3]: 
𝑄 = ∫ 𝑑2𝒓 𝜌(𝒓),                                                    (1) 
where the topological charge density 𝜌(𝒓) reads 
𝜌(𝒓) =
1
4𝜋
𝒎(𝒓) ∙ (𝜕𝑥𝒎(𝒓) × 𝜕𝑦𝒎(𝒓)).                                    (2) 
Thus, the topological charge can be calculated based on the exact spin texture configuration 
according to 
𝑄 =
1
4𝜋
∫ 𝑑2𝒓 ∙ 𝒎(𝒓) ∙ (𝜕𝑥𝒎(𝒓) × 𝜕𝑦𝒎(𝒓)).                                 (3) 
The topological charge basically counts how many times the reduced local magnetization 
(i.e., the spin) 𝒎(𝒓) is wrapped as the coordinate (𝑥, 𝑦) spans the whole planar space. It is 
also called as “the skyrmion number” for a series of skyrmion-like spin textures that will be 
discussed throughout this review.  
As shown in Fig. 1, the Néel-type and Bloch-type skyrmions have topological charges 
of Q = -1 (for the core magnetization of -mz), while the antiskyrmion of the same core 
magnetization has the opposite topological charge of Q = +1 (often referred as the antiparticle 
of skyrmions with Q = -1). On the other hand, the skyrmionium can be seen as a topological 
combination of a skyrmion with Q = +1 and a skyrmion with Q = -1, which carries a net 
topological charge of Q = 0. The biskyrmion has a topological charge of Q = -2, which can be 
formed in some materials such as chiral bulk or frustrated magnets when two skyrmions with 
the same topological number (Q = -1 in this case) are approaching to each other. The meron 
and bimeron have topological charges of Q = -0.5 and Q = -1, respectively, where the 
bimeron consists of a meron with Q = -0.5 and an antimeron with Q = -0.5 and can be 
regarded as the counterpart of skyrmions with Q = -1 in easy-plane magnets. 
Obviously, these multifarious topological spin textures cannot be fully distinguished 
only using the topological charge Q, because there might be some degenerate states for a 
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given value of the topological charge. Taking the skyrmion with Q = -1 as an example, there 
are additional degrees of freedom in the in-plane spin configuration. We hereby introduce the 
vorticity number Qv and the helicity number Qh, which completely characterize the 
topological spin texture accompanying the topological charge Q. 
First, a point of the x-y space is parameterized as 
𝑥 = 𝑟 cos 𝜑, 𝑦 = 𝑟 sin 𝜑.                                                  (4) 
By applying the mapping 𝑟 = 0  as 𝑧 → −1 , 𝑟 = 1  as 𝑧 = 0 , 𝑟 → ∞  as 𝑧 → 1 , and 
lim
𝑟→∞
𝒎(𝑥, 𝑦) = lim
𝑧→1
𝒎(𝑧, 𝜙) [20], we map the x-y space onto the 2D surface of a 3D ball 
parameterized by 
𝑥 = √1 − cos2 𝜃 cos 𝜙, 𝑦 = √1 − cos2 𝜃 sin 𝜙, 𝑧 = 𝑧 = cos 𝜃,                    (5) 
with z being defined as 𝑟 = (1 + 𝑧) (1 − 𝑧) =⁄ (1 + cos 𝜃) (1 − cos 𝜃)⁄ . Therefore, we can 
re-write the local magnetization direction as 
𝒎(𝒓) = 𝒎(𝜃, 𝜙) = (sin 𝜃 cos 𝜙, sin 𝜃 sin 𝜙, cos 𝜃).                            (6) 
By substituting Eq. (6) into Eq. (3), we obtain the topological charge determined by θ and ϕ, 
given as 
𝑄 =
1
4𝜋
∫ sin 𝜃 𝑑𝜃 ∫ 𝑑𝜙
2𝜋
0
= −
1
4𝜋
[cos 𝜃]𝜋
0 [𝜙]0
2𝜋0
𝜋
.                              (7) 
From Eq. (7), it can be seen that the topological charge is actually determined by both the 
out-of-plane (θ) and in-plane (ϕ) spin textures. It should be noted that here we only consider 
the skyrmion solution where θ rotates π when r goes from zero to infinity. For the 
skyrmionium solution, θ rotates 2π when r goes from zero to infinity [22] Hence, in order to 
describe the in-plane spin texture, we define the vorticity number as 
𝑄v =
1
2𝜋
∮ 𝑑𝜙
𝐶
=
1
2𝜋
[𝜙]𝜑=0
𝜑=2𝜋
.                                              (8) 
One also needs to introduce the helicity number, which is the phase appearing in 
𝜙 = 𝑄v𝜑 + 𝑄ℎ.                                                            (9) 
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Therefore, Eq. (6) can be as re-write as 
𝒎(𝜃, 𝜑) = [sin 𝜃 cos(𝑄v𝜑 + 𝑄ℎ), sin 𝜃 sin(𝑄v𝜑 + 𝑄ℎ), cos 𝜃].                (10) 
The topological spin textures are thus fully characterized by the three distinct numbers (Q, 
Qv, Qh). Figure 2 depicts some examples of degenerate skyrmion textures with varying Qv 
and Qh, where the basic skyrmion textures with the topological charge |Q| = 1 with different 
in-plane magnetization rotational senses are shown. It is noteworthy that skyrmions and 
antiskyrmions carry positive and negative Qv, respectively. The topological spin textures with 
different topological structures build a large family and lead to the emerging field of 
topological magnetism, which promises new opportunities for magnetic and spintronic 
applications. 
As the topological spin textures are non-collinear spin textures, their existence in 
magnetic materials is usually a result of delicate interplay among different energy terms. 
From the viewpoint of micromagnetism at zero temperature, the energy terms for common 
magnetic materials include the Heisenberg exchange interaction, dipolar interaction energy 
terms as well as magnetic anisotropy and Zeeman energy terms. The dominated Heisenberg 
exchange interaction favors the parallel alignment of the adjacent magnetic spins in most 
cases, so that it does not stabilize any non-collinear spin texture. However, the strong 
emergence of various other energy terms that may naturally exist in or be introduced to the 
magnetic materials can lead to the stabilization of non-collinear topological spin textures. In 
particular, the most important energy term, which has been extensively studied in the last few 
years, is the asymmetric exchange interaction, i.e. the Dzyaloshinskii-Moriya (DM) 
interaction [23, 24]. The DM interaction favors the formation of a right angle between the 
adjacent magnetic spins, and thus the competition between the Heisenberg exchange and DM 
interactions could result in the formation of domain wall structures and non-collinear 
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topological spin textures with a fixed rotation fashion (called “chirality”) such as the 
magnetic skyrmion. 
The homogeneous DM interaction can exist in bulk materials lacking inversion 
symmetry and is expressed as 
𝐸bDM = 𝑑bDM ∑ 𝑢𝑖𝑗 ∙ (𝒎𝑖 × 𝒎𝑗)〈𝑖,𝑗〉 ,                                     (11) 
where <i, j> denotes the nearest-neighbor sites, mi and mj are the reduced magnetic spin 
vectors at sites i and j, respectively. dbDM is the bulk DM interaction coupling energy, uij is 
the unit vector between mi and mj. In the micromagnetic model [25], the bulk DM interaction 
reads 
𝐸bDM = 𝑏 ∬ 𝐷bDM[𝒎 ∙ (∇ × 𝒎)]𝑑
2𝒓,                                    (12) 
with DbDM being the continuous effective bulk DM interaction constant, and b being the 
magnetic film thickness. The bulk DM interaction could result in the stabilization of Bloch-
type skyrmions with (Q = +1, Qv = +1, Qh = π) and (Q = -1, Qv = +1, Qh = 0). 
On the other hand, the DM interaction can also be induced at the interface between an 
ultrathin magnetic film and a non-magnetic film with a large spin-orbit coupling (SOC), 
given as 
𝐸iDM = 𝑑iDM ∑ (𝑢𝑖𝑗 × ?̂?) ∙ (𝒎𝑖 × 𝒎𝑗)〈𝑖,𝑗〉 ,                                    (13) 
where diDM is the interface-induced DM interaction coupling energy, and ?̂? is the normal to 
the interface determined by Moriya’s rule [24], oriented from the large SOC material to the 
magnetic film. In the micromagnetic model [25], the interface-induced DM interaction reads 
𝐸iDM = 𝑏 ∬ 𝐷iDM[𝑚𝑧(𝒎 ∙ ∇) − (∇ ∙ 𝒎)𝑚𝑧]𝑑
2𝒓,                              (14) 
with DiDM being the continuous effective interface-induced DM interaction constant. The 
interface-induced DM interaction could result in the stabilization of Néel-type skyrmions 
with (Q = +1, Qv = +1, Qh = π) and (Q = -1, Qv = +1, Qh = 0). Note that the structures of 
skyrmions stabilized by DM interactions are not only limited to Bloch- and Néel-types, as 
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recent reports have reported the presence of intermediate type of skyrmions [26] as well as 
antiskyrmions [27] stabilized by unusual DM interactions. 
Indeed, the topological spin textures can also be stabilized by other mechanisms such 
as the frustrated exchange interactions [28], four-spin exchange interactions [29] as well as 
the long-range dipolar interactions [30-33]. However, the theoretical and experimental 
studies on these mechanisms are much smaller than those on DM interactions during the last 
decade, as the DM interaction can be easily induced and manipulated by using modern 
interface engineering and multilayer fabrication techniques. As such, for the rest of this 
review, we will focus on the magnetic skyrmion textures stabilized by DM interactions, while 
other mechanisms will also be briefly reviewed in the last section. It is worth mentioning that, 
although conventional magnetic bubbles can be stabilized by the competition between 
ferromagnetic Heisenberg exchange and long-range dipolar interactions. The in-plane spin 
texture (i.e., helicity and chirality) of these common bubbles are not fixed, so that they cannot 
be treated as a topological object in the strict context of topological magnetism. 
For the last a decade, these topological spin textures have been significantly 
highlighted, mainly inspired by their potential to handle information in devices at low energy 
consumption and/or high processing speed. Therefore, it is important to study and understand 
how to stabilize and manipulate these topological spin textures, to eventually realize spin 
texture-based spintronic applications, such as memories, logic computing elements and 
transistor-like functional devices. In the following, we will review the representative 
topological spin texture – the magnetic skyrmion, from the points of views of writing, 
deleting, reading and processing magnetic skyrmions toward spintronic applications. 
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Figure 1. Illustrations of a series of 2D and 3D topological spin textures in magnetic 
materials. (a) Néel-type skyrmion (Q = -1), (b) Bloch-type skyrmion (Q = -1), (c) 
antiskyrmion (Q = +1), (d) biskyrmion (Q = -2), (e) vortex (Q = -0.5), (f) meron (Q = -0.5), 
(g) bimeron (Q = -1), (h) skyrmionium (Q = 0), (i) skyrmion tube, and (j) magnetic bobber. 
The arrow denotes the spin direction and the out-of-plane spin component (mz) is represented 
by the color: red is out of the plane, white is in-plane, and blue is into the plane. 
 
 
Figure 2. Illustrations of 2D magnetic skyrmions with different topological charge, vorticity 
number and helicity number, i.e. (Q, Qv, Qh). The arrow denotes the spin direction and the 
out-of-plane spin component (mz) is represented by the color: red is out of the plane, white is 
in-plane, and blue is into the plane.  
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1.2. Magnetic Skyrmions at Low Temperature 
In the history of magnetism, many new phenomena and magnetic structures were first 
discovered at low temperature, where the thermal fluctuations are largely reduced. Likely, ten 
years ago in 2009, Mühlbauer et al. for the first time experimentally observed the lattice 
structure of magnetic skyrmions in the chiral itinerant-electron magnet MnSi at a low 
temperature about 29 K [34] using a neutron scattering measurement [see Fig. 3(a)]. The 
lattice of magnetic skyrmions, so-called the skyrmion lattice, is a hexagonal ordered array of 
skyrmions and often referred to as the skyrmion crystal. As shown in Fig. 3(b), in 2010, such 
a hexagonal skyrmion crystal was directly observed in a thin film of crystalline Fe0.5Co0.5Si at 
a low temperature of 25 K by Yu et al. [35], where the real-space imaging of magnetic spin 
textures was acquired by using the Lorentz transmission electron microscopy (LTEM). Using 
the same technique, in 2011, Yu et al. reported the formation of the skyrmion crystal in FeGe 
over a wide range of temperature ranging from 60 K to 260 K [36], which is very close to 
room temperature. In 2012, Yu et al. further demonstrated the current-induced motion of the 
skyrmion crystal in a FeGe thin film at a near room temperature, ranging from 250 K to 270 
K [37]. In 2013, the transition of a skyrmion crystal to conventional magnetic textures in 
Fe1−xCoxSi (x = 0.5) was also observed by using the magnetic force microscopy (MFM) at a 
very low temperature of 10 K [38]. Stabilization of skyrmions in such non-centrosymmetric 
crystalline materials is known to originate from the bulk-form DM interaction due to the 
broken inversion symmetry as discussed in Sec. 1.1. 
However, as was discussed in earlier Sec. 1.1 of this article, the existence of magnetic 
skyrmions turns out to be possible not only in ferromagnetic bulk metals, but also ultrathin 
films where the interface-oriented DM interaction is harnessed. In 2011, Heinze et al. 
experimentally revealed the 2D square skyrmion crystal in a hexagonal monolayer crystalline 
Fe film grown on the Ir surface using the spin-polarized scanning tunnelling microscopy (SP-
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STM) at a low temperature of 11 K [29]. Such a topological spin texture stems from the 
interplay among the Heisenberg exchange, four-spin and DM interactions. In such interface-
oriented DM interaction-governed system, Romming et al. experimentally realized the 
writing and deleting of individual skyrmions in a PdFe bilayer on Ir(111) at a low 
temperature of 4.2 K [see Fig. 3(c)], where skyrmions are controlled by local spin-polarized 
currents from a STM. At the time, an out-of-plane magnetic field of several Tesla (e.g., B = 
~3 T) is required to stabilize individual skyrmions at low temperatures [39]. It is worth 
mention that Jonietz et al. [40] and Schulz et al [41] also reported the ultralow threshold 
current, 106 A m-2, for depinning magnetic skyrmions at ~26 K, which is 4-5 orders smaller 
than the depinning threshold of ferromagnetic domain walls, and these demonstrations 
excited great interest on using skyrmions for low power spintronic applications together with 
earlier findings. 
At low temperatures, the hosting materials of skyrmions are not limited to 
conventional metallic ferromagnets, and other kinds of topological magnetic textures can also 
be stabilized. In 2012, Seki and colleagues [42] for the first time identified skyrmions in an 
insulating multiferroic magnet Cu2OSeO3 through LTEM and magnetic susceptibility 
measurements below the temperature of 60 K [see Fig. 3(d)]. By utilizing the small-angle 
neutron scattering (SANS), Seki et al. also found a triangular skyrmion lattice in multiferroic 
insulator Cu2OSeO3 [43]. In 2014, a new topologic spin texture – the biskyrmion, which 
carries a topological charge of |Q| = 2, was found in La2-2xSr1+2xMn2O7 (x = 0.315) in the 
form of a biskyrmion crystal at a temperature of 20 K by LTEM observations [44]. In 2016, 
Matsumoto et al. also directly observed skyrmion domain boundaries in FeGe1−xSix (x ~ 0.25) 
using the differential phase contrast scanning transmission electron microscopy (DPC STEM) 
at a temperature of 95 K [45]. They found that individual skyrmions at the domain boundary 
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cores can flexibly change their size and shape to stabilize their core structures, indicating the 
robustness of magnetic skyrmions. 
These early stage experimental observations of skyrmions at low temperatures mainly 
focused on the existence of skyrmion crystals, skyrmion chain, skyrmion cluster, and 
individual isolated skyrmions in diverse material platforms stabilized by either bulk or 
interfacial DM interactions. Although these findings have proved fascinating physical 
properties of skyrmions and provided in-depth physical understanding behind their 
topological characteristics, from the viewpoint of practical applications, most commercial 
electronic devices based on skyrmions would require their room-temperature stabilization (or 
at even higher temperature). In the following, we will review the discovery of skyrmions and 
relevant topological spin textures at room temperature. 
 
 
Figure 3. Observation of magnetic skyrmions at low temperature. (a) Magnetic phase 
diagram of MnSi. For B = 0, helimagnetic order develops below Tc = 29.5 K. Reprinted with 
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permission from [34]. Copyright ©  2009 AAAS. (b) A hexagonal skyrmion crystal observed 
using Lorentz TEM in a thin film of crystalline Fe0.5Co0.5Si at a low temperature of 25 K. 
Scale bar, 100 nm. Reprinted with permission from [35]. Copyright ©  2010 Macmillan 
Publishers Limited. (c) Successive population of the island with skyrmions by injecting 
higher-energy electrons through local voltage sweeps. Reprinted with permission from [39]. 
Copyright ©  2013 AAAS. (d) Skyrmion crystal in Cu2OSeO3 thin film obtained through the 
analysis of Lorentz TEM data taken at 5K.  Reprinted with permission from [42]. Copyright 
©  2012 AAAS. 
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1.3. Discovery of Room-Temperature Skyrmions 
Between 2015 and 2016, there have been several reports of room-temperature 
stabilized magnetic skyrmions. The most notable demonstration was the stabilization of 
room-temperature skyrmions in the industry-relevant sputter-grown non-crystalline 
ferromagnetic heterostructures. This approach was motivated by the theoretical suggestion 
[46] and the experimental confirmation [47, 48] of homochiral Néel-type domain walls in 
such ultrathin ferromagnet-based asymmetric heterostructures at room temperature. In 2015, 
Jiang et al. not only observed stable room-temperature individual skyrmion bubbles in a Ta (5 
nm)/CoFeB (1.1 nm)/TaOx (3 nm) trilayer grown by magnetron sputtering [see Fig. 4(a)], but 
also demonstrated the current-driven transformation of skyrmion bubbles from strip domains 
in such a trilayer device via a geometrical constriction [49]. Here it is worth mentioning that 
the skyrmion bubble studied in this report is a topologically nontrivial magnetic bubble with 
a fixed chirality but a larger size in comparison with the compact skyrmion, usually ranging 
from 0.5 to 1 micrometer. Both skyrmion bubble and compact skyrmion are topological spin 
textures and turned out to be equivalent in the topological definition [see Eq. (3)]. Soon after 
this report, in 2016, few other groups subsequently reported the observation of room-
temperature skyrmions in similar ultrathin ferromagnetic asymmetric heterostructures. 
Moreau-Luchaire et al. fabricated the Ir/Co/Pt asymmetric multilayers [50], where an 
additive interface-induced DM interaction of about 2 mJ m-2 was achieved, and using the 
scanning X-ray transmission microscopy (SXTM), sub-100 nm individual skyrmions were 
imaged in the asymmetric multilayers at room temperature and low magnetic fields (e.g., Bz = 
58 mT) [see Fig. 4(b)]. As the thermal stability of magnetization increases with their volume, 
the skyrmions in the ten repetitions of the Ir/Co/Pt films are stable against thermal 
fluctuations at room temperature [50]. As shown in Fig. 4(c), Boulle et al. also observed 
stable skyrmions in sputtered ultrathin Pt/Co/MgO nanostructures at room temperature and 
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zero external magnetic field [51]. Based on the in-plane magnetization sensitive X-ray 
magnetic circular dichroism photoemission electron microscopy (XMCD-PEEM) 
experiments, it was found that the skyrmions in the Pt/Co/MgO thin films have the left-
handed chiral Néel structure [51], which indicates they are stabilized by interface-induced 
DM interactions. 
In the same year, Woo et al. reported the observation of stable room-temperature 
skyrmions and their current-induced motion in [Pt (3 nm)/Co (0.9 nm)/Ta (4 nm)]15 and [Pt 
(4.5 nm)/CoFeB (0.7 nm)/MgO (1.4 nm)]15 multilayer stacks by using both the full-field 
magnetic transmission soft X-ray microscopy (MTXM) and STXM [52]. Woo et al. 
demonstrated the stabilization of skyrmion lattice in a confined circular magnetic disk of 
about 2-µm diameter [see Fig. 4(d)], and further reported the current-driven motion of a train 
of individual skyrmions at a speed up to 100 m s-1 [52], which is a direct experimental 
evidence that suggests skyrmions can be used for real-world high-speed spintronic 
applications. Later in 2016, as shown in Fig. 4(e), Yu et al. also experimentally demonstrated 
the creation of room-temperature skyrmion bubbles in ultrathin CoFeB films [53], where 
skyrmion bubbles are stabilized by a delicate competition among the Heisenberg exchange 
interaction, dipolar interaction, and perpendicular magnetic anisotropy (PMA). Yu et al. 
reported that, although the DM interaction strength is only of 0.25 mJ m-2 in the CoFeB films, 
it is strong enough to fix the chirality of skyrmion bubbles, leading to the Néel-type chiral 
nature. In 2017, Soumyanarayanan et al. [54] found a tunable room-temperature skyrmion 
platform in the Ir/Fe/Co/Pt multilayer stacks for studying sub-50-nm skyrmions [see Fig. 
4(f)], where one can adjust the magnetic interactions governing skyrmions by varying the 
ferromagnetic layer composition. 
The existence of room-temperature magnetic skyrmions were also demonstrated using 
non-centrosymmetric crystalline interfaces and bulk materials, where low temperature 
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skyrmions were mainly investigated. As shown in Fig. 4(g), Chen et al. imaged the room-
temperature magnetic skyrmions in the Fe/Ni/Cu/Ni/Cu(001) multilayers using the spin-
polarized low-energy electron microscopy (SPLEEM) [55], where the exchange coupling 
across non-magnetic spacer layers is responsible for the stabilization of skyrmions. A new 
class of cubic chiral magnets hosting room-temperature skyrmion crystals – β-Mn-type Co-
Zn-Mn alloys, was found by Tokunaga and colleagues [56]. The room-temperature magnetic 
skyrmion crystal was also realized in an artificial manner, as demonstrated by Gilbert et al. 
via patterning asymmetric magnetic nanodots with controlled circularity on an underlayer 
with PMA [57]. Such an approach is theoretically predicted by Sun et al. [58], which will be 
discussed in Sec. 2 as a possible method for writing skyrmions. 
As mentioned in Sec. 1.1, magnetic skyrmions can be stabilized in different materials 
by different mechanisms. The room-temperature skyrmions in asymmetric ferromagnetic 
multilayer stacks are usually stabilized by enhanced interface-induced DM interactions. In 
2017, Hou et al. [59] for the first time observed the skyrmion bubbles with variable 
topological charges at room temperature in the frustrated kagome Fe3Sn2 magnet with 
uniaxial magnetic anisotropy, by using in-situ LTEM. In the same year, antiskyrmions with 
Qv = -1 were experimentally identified in acentric tetragonal Heusler compounds 
Mn1.4Pt0.9Pd0.1Sn by Nayak et al. [27]. These two works not only provide more material 
platforms for hosting magnetic skyrmions and other topological spin textures, but also prove 
that topological spin textures with different topological charges can be stabilized at room 
temperature, shedding light on possible future applications based on different topological 
spin textures. 
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Figure 4. Observation of magnetic skyrmions at room temperature. (a) The current-induced 
generation of skyrmion bubbles in Ta (5 nm)/Co20Fe60B20 (1.1 nm)/TaOx (3 nm). Reprinted 
with permission from [49]. Copyright ©  2015 AAAS. (b) A 1.5×1.5 µm2 out-of-plane 
magnetization (mz) map obtained by STXM on a (Ir/Co/Pt)10 multilayer with applying out-of-
plane magnetic field of 68 mT. Reprinted with permission from [50]. Copyright ©  2016 
Macmillan Publishers Limited. (c) XMCD-PEEM image of a 420 nm square dot (indicated 
by the dotted line) which is patterned with Ta (3 nm)/Pt (3 nm)/Co (0.5–1 nm)/MgOx/Ta (2 
nm) thin film. Reprinted with permission from [51]. Copyright ©  2016 Macmillan Publishers 
Limited. (d) An initial labyrinth domain state was generated by static field (first image) and 
then transformed into a hexagonal skyrmion lattice in a 2µm Pt/Co/Ta disc by applying a 
bipolar pulse train with Vpp = 10V (second image). The last two images were acquired after 
applying Vpp =4V and Vpp = 5V, respectively. Dark (light) contrast corresponds to up (down) 
magnetization in all STXM images except for the last three, where the X-ray magnetic 
circular dichroism (XMCD) contrast was inverted. Reprinted with permission from [52]. 
Copyright ©  2016 Macmillan Publishers Limited. (e) Polar-MOKE images of CoFeB thin 
film with PMA field of Hk ≈ 1.1 kOe for 4.8 Oe out-of-plane external magnetic field. 
Reprinted with permission from [53]. Copyright ©  2016 American Chemical Society. (f) 
Microscopic imaging (scale bar, 0.5 µm) of sample Fe (3)/Co (6) (number of atomic layers in 
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braces) with MFM at ~ −100 mT of applied field. Reprinted with permission from [54]. 
Copyright ©  2016 Macmillan Publishers Limited. (g) The out-of-plane SPLEEM images of 
Fe (2.6 ML)/Ni (2 ML)/Cu (8.6 ML)/Ni (15 ML)/Cu (001) multilayer structures (1 ML ~ 1.8 
Å ). Reprinted with permission from [55]. Copyright ©  2015 AIP Publishing. 
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1.4. Potential Applications 
The study of magnetic skyrmions for the purpose of designing novel spintronic 
applications has led to an emerging research field called skyrmionics [1-3], which is also 
referred to as skyrmion-electronics in some contexts [5]. The field of skyrmionics mainly 
focuses on the design and development of information storage and processing devices. The 
most highlighted skyrmionic information storage device – skyrmionic racetrack memory is 
proposed by Fert et al. in 2013 [1], which is an improved design based on the domain-wall 
racetrack memory proposed by Parkin et al. in 2008 [60]. Later in 2013, Iwasaki et al. [61, 
62] and Sampaio et al. [63] independently studied the current-induced dynamics of isolated 
skyrmions in ferromagnetic racetracks, which provided fundamental insight into the design of 
skyrmion-based racetrack memory. Since 2013, a number of theoretical and experimental 
works were carried out on the skyrmion-based racetrack memory and its derived applications, 
however, the experimental demonstration of such fully functional electrically operating 
skyrmion-based memory device is awaiting its demonstration. 
In 2013, the magnetoelectric resonance effect of magnetic skyrmions was found by 
Mochizuki et al. [64] and Okamura et al. [65], which suggests an opportunity for building the 
skyrmion-based microwave applications, such as microwave detector [66]. Besides, the 
skyrmion-based nano-oscillators [67-69] can be built using the oscillation characteristics 
induced by currents. 
In 2015, Zhang et al. [70] theoretically proposed the prototype of skyrmion-based 
logic computing gates, which can perform the logic AND and OR operations. Zhang et al. 
[71] also proposed a transistor-like functional device based on skyrmions, where the current-
induced motion of skyrmions is controlled by a gate voltage. Note that similar idea on the 
control of skyrmion dynamics by a gate voltage was also proposed by Upadhyaya et al. [72] 
in the same year. These potential skyrmion-based information computing devices can be 
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combined with the skyrmion-based racetrack memory devices, which may lead to the 
invention of an in-memory logic computing circuit based on skyrmions. 
Some bio-inspired applications based on skyrmions were also proposed in recent two 
years. Huang et al. [73] designed a skyrmion-based artificial synapse device for 
neuromorphic systems in 2017, based on which Li et al. [74] further proposed a skyrmion-
based artificial neuron that mimics the leaky-integrate-fire function of a biological neuron. In 
2018, Bourianoff et al. [75] and Prychynenko et al. [76] proposed the first reservoir 
computing model based on magnetic skyrmions. Most recently, the thermally activated 
dynamics of skyrmions was investigated by several groups and found to be useful for 
computing [77-87]. For example, the thermal skyrmion diffusion-based signal reshuffling 
device operation was experimentally realized by Zázvorka et al. [88], which could be used in 
the future skyrmion-based probabilistic computing device scheme. 
For the successful demonstration of any skyrmion-based potential applications, the 
energy-efficient writing, deleting, reading and processing processes of skyrmions are 
prerequisites. In the following, we review the progresses that have been made over the last 10 
years in the writing, deleting, and reading of magnetic skyrmions. We will also review 
several representative skyrmion-based applications in detail, including the skyrmion-based 
racetrack memory, logic computing gate, transistor-like device and bio-inspired applications. 
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2. Writing and Deleting Skyrmions 
Magnetic skyrmion is a promising block for building future spintronic applications, as 
it can be employed as a non-volatile information carrier in magnetic media. The simplest 
method to encode binary information using magnetic skyrmions in magnetic materials is 
based on the writing and deleting of individual isolated skyrmions. Namely, the presence of a 
skyrmion can stand for the binary information digit “1” or “0”. Hence, the controllable and 
reliable creation and annihilation of skyrmions are prerequisites for any skyrmion-based 
information storage applications. It is a vital task to find the best method to write and delete 
skyrmions. 
 
2.1. Magnetic Field 
Magnetic field is one of the most important and controllable external stimuli that can 
be rather easily realized in most laboratories. In the early stage of skyrmion research, the 
skyrmion crystals and isolated skyrmions usually form in chiral magnets in the presence of 
certain out-of-plane magnetic fields [34, 35, 40, 61, 63]. That is to say, by applying an 
external magnetic field perpendicularly to the magnetic film with DM interactions, it is 
possible to control the formation of skyrmion textures [39]. Some of the initial 
demonstrations of room temperature skyrmions introduced in Sec. 1.1 were also realized by 
shrinking labyrinth domains into circular bubble-shaped domains by applying magnetic field. 
On the other hand, the size of a skyrmion also depends on the strength of the magnetic 
field [25, 89, 90] that interplay with other energetic contributions. In 2016, Müller et al. 
predicted and numerically demonstrated that, by applying magnetic field pulses, skyrmions 
can be created close to the edge of a chiral magnet due to the edge instability [91]. In 2017, 
M. Mochizuki [92] demonstrated that in a magnetic film with a fabricated hole or notch, 
individual skyrmions can be created by an external magnetic field in a controlled manner [see 
arXiv:1906.04718 [physics.app-ph]
Submitted Manuscript  Date: June 12, 2019 
Page 23 of 93 
Fig. 5(a)]. Most recently, the writing of skyrmions in a uniformly magnetized film by a 
magnetic dipole was proposed by Garanin et al. in 2018 [93], which can be seen as the 
creation of skyrmions by a localized magnetic field. 
Once the magnetic skyrmion is created, it can also be manipulated or even deleted by 
magnetic fields. For example, Büttner et al. showed that the gigahertz gyrotropic eigenmode 
dynamics of a single skyrmion bubble can be excited by an external magnetic field pulse and 
corresponding magnetic field gradient [94]. Magnetic skyrmions in nanostructures with 
confined geometries can also be switched by microwave magnetic fields [see Fig. 5(b)] [95] 
or magnetic field pulses [see Fig. 5(c)] [96, 97]. Note that the microwave magnetic field can 
also excited other dynamics of skyrmions [98, 99]. Indeed, when the strength of magnetic 
field is larger than certain threshold, it is destructive for skyrmions and may ultimately lead 
to the fully polarized magnetic state, i.e. the ferromagnetic state. Hence, the application of a 
strong magnetic field, either in-plane or out-of-plane, is also the easiest way to delete 
skyrmions from magnetic media. 
 
 
Figure 5. Writing, deleting and switching of skyrmions using magnetic fields. (a) Schematic 
of skyrmion creation in a magnetic field application. Reprinted from [92]. With permission of 
AIP Publishing. (b) The skyrmion core reversal induced by an AC magnetic field pulse. 
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Reprinted with permission from [95]. Copyright ©  2015 AIP Publishing. (c) The skyrmion 
core annihilation process with applying an in-plane magnetic field pulse. The yellow symbols 
indicate the out-of-plane spins. Reprinted with permission from [96]. Copyright ©  2014 
Macmillan Publishers Limited. 
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2.2. Spin-Polarized Electric Current 
Spin-polarized electric current could provide spin-transfer torques (STTs) or spin-
orbit torques (SOTs) on magnetic moments, which is an important driving force for 
magnetization dynamics in modern spintronic devices [100-102]. In 2011, the interaction 
between STTs and skyrmion lattices in chiral magnets was theoretically studied by Everschor 
et al. [103]. Then, the writing of a magnetic skyrmion using the spin-polarized electric 
current was theoretically predicted by Tchoe et al. in 2012 [104]. In 2013, as was noted in 
Sec. 2.1, Romming et al. [39] experimentally realized the writing and deleting of single 
isolated magnetic skyrmions by using the local tunneling spin-polarized currents from a STM 
at low temperature [see Fig. 6(a)]. 
In 2014, Zhou and Ezawa theoretically predicted that a magnetic skyrmion can be 
converted from a domain-wall pair in a junction geometry [105]. In a similar manner, in 
2015, Jiang et al. demonstrated in a room-temperature MOKE experiments that magnetic 
skyrmion bubbles can be created by utilizing the spin current-driven transformation between 
strip domains and skyrmion bubbles in a Ta/Co20Fe60B20/TaOx trilayer with a junction 
constriction [49]. The creation of skyrmion bubbles in such a junction constriction driven by 
inhomogeneous spin currents was further studied independently by Heinonen et al. [106], S.-
Z. Lin [107], and Liu et al. [108], confirming its efficient mechanism and device 
compatibility suitable for future applications. 
The spin-polarized current can also result in the creation of skyrmions or skyrmion 
bubbles by other different mechanisms. In 2016, Yuan and Wang theoretically demonstrated 
that a skyrmion can be created in a ferromagnetic nanodisk by applying a nano-second 
current pulse [109]. Yin et al. also suggested in a theoretical study that it is possible to create 
a single skyrmion in helimagnetic thin films using the dynamical excitations induced by the 
Oersted field and the STT given by a vertically injected spin-polarized current [110]. In 2017, 
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as shown in Fig. 6(b), Legrand et al. experimentally realized the creation of magnetic 
skyrmions by applying a uniform spin current directly into nanotracks [111]. Latter in 2017, 
Woo et al. experimentally demonstrated the creation of skyrmions at room temperature and 
zero external magnetic field by applying bipolar spin current pulses directly into a 
Pt/CoFeB/MgO multilayer [112], which turned out to be thermally-induced skyrmion 
generation as systematically studied recently by Lemesh et al. [113]. Hrabec et al. also 
reported the experimental creation of skyrmions induced by applying electric current through 
an electric contact placed upon a symmetric magnetic bilayer system [114]. The spin-
polarized current-induced generation of skyrmions can be deterministic and systematic when 
pinning sites or patterned notches, where PMA is locally reduced, are used as the source of 
skyrmion generation as reported by Buttner et al. [115] in 2017 [see Fig. 6(c)] and Woo et al. 
[116] in 2018 [Fig. 6(d)]. More recently, Finizio et al. reported that localized strong thermal 
fluctuation could also introduce systematic skyrmion generation at a designed location [117]. 
On the other hand, the spin-polarized current can delete skyrmions in nanostructures. 
For example, in 2017, De Lucia et al. theoretically studied the annihilation of skyrmions 
induced by spin current pulses and suggested that skyrmions can be reliably deleted by 
designing the pulse shape [118]. In 2018, Woo et al experimentally demonstrated such 
deterministic deletion of a single skyrmion in ferrimagnetic GdFeCo films with the 
application of designed current pulses [116]. 
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Figure 6. Writing and deleting of skyrmions using spin-polarized electric currents. (a) 
Creation and annihilation of single skyrmions with local spin-polarized currents at T = 4.2 K 
in the PdFe bilayer. Reprinted with permission from [39]. (b) MFM images of the 1 μm wide 
tracks before any pulses and after the injection of 1000 current pulses of 200 ns in 0.6 nm 
thick Co multilayers. Reprinted with permission from [111]. (c) Single-skyrmion generation 
and subsequent motion in Pt/CoFeB/MgO multilayers. Reprinted with permission from [115]. 
(d) Magnetic skyrmion configuration for writing (d1) and deleting (d2). Scale bar, 500 nm. 
Reprinted with permission from [116]. 
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2.3. Local Electric Field 
In the last decade, a number of studies have been performed to explore skyrmion 
dynamics induced by electric current, however, the electric current often accompanies Joule 
heating that leads to energy losses or even permanent damages to metallic devices. Therefore, 
it may be necessary to find more reliable ways to drive skyrmion dynamics, and in this 
context, the pure electric field is one of the desired ways to drive skyrmion dynamics because 
of its ultralow power consumption with negligible Joule heating. A number of reports [42, 64, 
65, 119, 120] had shown the possibility to control skyrmions in magnetoelectric materials, 
such as the chiral magnetic insulator Cu2OSeO3, using a pure electric field (due to the 
magnetoelectric coupling). In 2015, Mochizuki and Watanabe [121] theoretically proposed 
the writing of isolated skyrmions in a multiferroic thin film by applying a local electric field 
[see Fig. 7(a)], which is realized through the magnetoelectric coupling effect in multiferroic 
compounds. In 2016, the electric-field-controlled transition between the skyrmion lattice 
phase and conical phase was experimentally realized in magnetoelectric chiral magnet 
Cu2OSeO3 [122]. 
In ferromagnetic materials, the writing and deleting of magnetic skyrmions can also 
be induced by a pure electric field, usually based on the effect of voltage control of magnetic 
anisotropy (VCMA) [72]. In 2017, as shown in Fig. 7(b), Hsu et al. experimentally 
demonstrated the reversible transition between the ferromagnetic texture and the magnetic 
skyrmion by applying a local electric field to the Fe triple layer on Ir(111) [123]. Such a local 
electric field, which can induce the writing and deleting of magnetic skyrmions, were realized 
by using the SP-STM. In the same year, the writing and deleting of skyrmion bubbles 
controlled by electric field in a Pt/Co/oxide trilayer was realized in an efficient and 
reproducible manner by Schott et al. at room temperature [124]. 
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In 2018, Srivastava et al. experimentally demonstrated the electric field turning of 
DM interactions in a Ta/FeCoB/TaOx trilayer [125], which can be used as a method to 
further control the skyrmion chirality. Huang et al. also experimentally realized the writing of 
skyrmions in the magnetoelectric compound Cu2OSeO3 [120]. 
In 2019, Ma et al. designed and fabricated a Pt/CoNi/Pt/CoNi/Pt multilayer, which is 
sandwiched between the indium tin oxide (ITO)/SiO2 bilayer and the glass substrate, in the 
form of racetracks where the thickness of the films had a slope [126]. In such a nanostructure, 
Ma et al. demonstrated that many skyrmion bubbles can be created (i.e., corresponding to the 
skyrmion writing) and directionally displaced about 10 micrometres by applying a pure 
electric field [see Fig. 7(c)]. When the electric field is removed, the skyrmion bubbles will be 
annihilated, which can be regarded as the deleting of skyrmion bubbles. 
Similar to the manipulations of skyrmions by magnetic field and electric current, the 
polarity of skyrmions can also be switched by a pure electric field, in principle. For example, 
Bhattacharya et al. numerically demonstrated the electric-field-induced switching of a 
magnetic skyrmion in a magnetic tunnel junction (MTJ) structure [127]. 
 
 
Figure 7. Writing and deleting of skyrmions by electric fields. (a) Schematic of skyrmion 
creation via local application of an electric field using an electrode tip and simulated 
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spatiotemporal dynamics of the magnetizations for the electrical skyrmion creation process in 
the Cu2OSeO3 thin film. Reprinted with permission from [121]. (b) Perspective views of 
subsequent SP–STM constant-current images of the same Fe triple layer area showing the 
writing and deleting of individual magnetic skyrmions. Reprinted with permission from 
[123]. (c) MOKE microscopy images of the EF-induced creation and motion of a chiral 
domain wall accompanied by the creation of skyrmion bubbles in Pt/CoNi/Pt/CoNi/Pt 
multilayer with the thickness gradient at Hz = −0.2 mT. Reprinted with permission from 
[126]. 
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2.4. Laser 
The magnetization dynamics can also be driven by laser pulses. In particular, the 
ultrafast switching of magnetization in ferromagnetic materials induced by a laser pulse has 
been studied for many years. In 2009, Ogasawara et al. experimentally studied the 
magnetization reversal dynamics in a TbFeCo film induced by a femtosecond laser pulse in 
the presence of a small external magnetic field [128], where the laser-induced reversed 
magnetic domain has a size of about 1 micrometer. Such a circular magnetic domain, which 
is stabilized by the dipolar interaction, can be seen as a achiral skyrmion bubble [129]. In 
2013, Finazzi et al. reported the creation of topological spin textures induced by ultrashort 
single laser pulses in an amorphous thin alloy film of Tb22Fe69Co9 without the help of an 
external magnetic field [130], where both skyrmion and skyrmionium textures are created 
[see Fig. 8(a)]. The lateral size of the laser-created magnetic skyrmions can be as small as 
150 nm [130]. 
In 2017, Fujita and Sato theoretically studied the ultrafast creation of skyrmion and 
skyrmionium textures by applying a vortex laser beam [131], where the switching of 
magnetization in either a ferromagnetic or antiferromagnetic background is a result of the 
laser-induced non-uniform temperature. In 2018, Yang et al. numerically studied the 
manipulation of skyrmions by an all-photonic orbital angular momentum transfer mechanism 
[132]. In the same year, as shown in Fig. 8(b), the laser-induced writing and deleting of 
skyrmions in the prototypical itinerant chiral magnet FeGe was experimentally realized by 
Berruto et al. [133], where the writing and deleting speed was found to be controlled by the 
cooling rate following the laser-induced temperature increase. Je et al. also experimentally 
demonstrated the laser-induced creation of disordered hexagonal skyrmion bubble lattices 
from a ferromagnetic background in an ultrathin Ta/Fe72Co8B20/TaOx trilayer film at room 
temperature [see Fig. 8(c)], where the density of skyrmion bubbles was controlled by the 
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laser fluence [134]. Such an experiment suggests that the skyrmion bubbles and bubble 
lattices can possibly be manipulated by lasers in a controlled manner. 
Apart from the writing and deleting of skyrmions, magnetic skyrmions can be excited 
to different modes by optical methods. For example, Ogawa et al. reported the laser-induced 
collective excitation modes of the skyrmion phase in an insulating chiral magnet Cu2OSeO3 
[135], including the rotation mode, breathing mode, and several additional spin precession 
modes. 
 
 
Figure 8. Writing of skyrmions by lasers. (a) Near-field Faraday rotation map showing 
magnetic domains induced in a thin TbFeCo film after single laser pulse irradiation, 
corresponding skyrmion spin textures, and profile (dots) of the Faraday rotation measured 
along the red lines. Reprinted with permission from [130]. (b) Lorentz-Fresnel micrographs 
of the FeGe nanoslab. The skyrmion lattice in #4 is created by near-IR fs laser pulses. Scale 
bar is 250 nm. Reprinted with permission from [133]. (c) Nucleated skyrmion bubbles from a 
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saturated state (+z) by a 35 fs single laser pulse with a laser with linear polarization, right-
handed σ+ polarization, and left-handed σ− polarization. Reprinted with permission from 
[134]. 
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2.5. Imprinting 
Magnetic skyrmions can also be created by means of nano-imprinting even in the 
absence of DM interactions. As shown in Fig. 9(a), in 2013, Sun et al. proposed a method for 
the creation of a skyrmion lattice based on a combination of a perpendicularly magnetized 
CoPt film and nanopatterned arrays of magnetic vortices that are geometrically confined 
within Co nanodisks [58]. Such a method is similar to the exchange spring model [136], 
where the spin textures in a soft phase (i.e., corresponding to the magnetic vortex in Co 
nanodisk) can be imprinted into the hard phase (i.e., corresponding to the CoPt film) due to 
the interlayer exchange coupling between the soft and hard phases. In principle, the created 
skyrmion lattice [see Fig. 9(b)] can be stabilized in a wide temperature and field range, even 
at room temperature, zero magnetic field, and in the absence of the DM interaction. 
In 2015, Fraerman et al. experimentally observed the creation of imprinted skyrmions 
in a perpendicularly magnetized Co/Pt multilayer film [137], which is exchanged coupled 
with a Co nanodisk with the vortex state. In the same year, by using the transmission soft X-
ray microscopy, Streubel et al. experimentally studied the dynamics of imprinted skyrmion 
textures and found that skyrmionium textures can also be created by imprinting a magnetic 
vortex from the soft Py layer into the hard Co/Pd layer in the presence of reasonable 
interlayer exchange coupling [138]. The imprinting skyrmion lattice with controlled 
circularity and polarity as ground state at room temperature was also experimentally realized 
by Gilbert et al. [57], where the magnetic vortex state in Co nanodots were imprinted into the 
Co/Pd underlayer with PMA [see Fig. 9(c)]. On the other hand, Del-Valle et al. theoretically 
demonstrated the possibility to imprint skyrmions in thin films by superconducting vortices 
[139]. 
In 2018, Sun et al. numerically studied the stability and skyrmion Hall effect of 
magnetic skyrmions in the exchange-coupled system [140], which was used for the creation 
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of skyrmions via imprinting effect in previous reports. They found that the stability of the 
skyrmion state can be enhanced due to the coupling between skyrmions in the thin film and 
the vortices in the capping nanodisks. At the same time, the capping nanodisks also act as 
attracting centers so that the skyrmion Hall effect can be effectively suppressed. 
 
 
Figure 9. Writing of skyrmions by imprinting. (a)-(b) The theoretical proposal for creating 
the 2D skyrmion crystal. (a1) Ordered arrays of magnetic submicron disks are prepared on 
top of a film with perpendicular anisotropy. The arrows represent the magnetization 
orientation of the local moments. (a2) Skyrmion lattice creation with the field treatment. (b) 
Top view of magnetic configuration of the CoPt layer in a calculated artificial skyrmion 
crystal. (a)-(b) are reprinted with permission from [58]. (c) Imprinted artificial skyrmion 
lattices at room temperature. (c1) Illustration of the hybrid structure consists of Co dots (red) 
on top of Co/Pd PMA underlayer (grey) where the in-plane spin texture of the Co dots 
(purple arrows) is imprinted into an irradiated Co/Pd region (light blue) underneath the dots 
(tilted blue arrows). Remanent-state (c1) MFM and (c2) SEMPA (superimposed onto a 
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scanning electron microscopy image of the dots) images, after saturating the dots in an in-
plane field parallel to the flat edge of the dots to the right, indicate circularity control. Scale 
bar, 2 mm. A key to the magnetization winding direction is shown in the insets. Reprinted 
with permission from [57]. 
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3. Reading Skyrmions 
3.1. Microscopy Imaging of Magnetic Skyrmions: X-ray, TEM, SPM, MOKE 
The manipulation of magnetic skyrmions as information carriers in device 
applications requires the precise tracking of their locations and dynamic behaviors. Hence, 
the efficient reading of skyrmions in real space is an important task that needs to be realized 
in a reliable manner with high enough on/off ratio. A lot of state-of-art microscopy magnetic 
imaging techniques have been used to observe the real-space profiles of skyrmions in 
laboratories for the purpose of studying their static and dynamic properties [141]. However, 
as a part of the information write-in/read-out system, electrical reading scheme is a 
prerequisite for any skyrmion-based information storage and computing device applications. 
Some methods were purposed to read and detect skyrmions in device applications, such as by 
using the magnetic tunnel junction (MTJ) or reading skyrmion-induced Hall voltages. In this 
section, we first review recent progress on the real-space imaging/reading of skyrmions in 
laboratories. 
The microscopy imaging of magnetic skyrmions in real space is very important for 
both theoretical and applied reasons. From the theoretical point of view, the imaging of the 
in-plane and out-of-plane spin textures in real space can directly identify the topological 
nature of a skyrmion. For example, one may calculate the topological charge based on the 
detailed in-plane spin texture of a skyrmion, including the vorticity number Qv and helicity 
number Qh. From the viewpoint of applied applications, the time-dependent imaging of a 
magnetic skyrmion in real space can lead to a better understanding of its dynamic properties 
that may be useful for applications, especially, the ultrafast dynamics of an isolated skyrmion 
still remains elusive until now. 
The real-space imaging of a 2D skyrmion lattice, which is consist of many Bloch-type 
skyrmions, was first realized in a thin film of Fe0.5Co0.5Si by using the LTEM in 2010 [35]. 
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Later, skyrmion lattices in thin films of FeGe [36, 142-144], Cu2OSeO3 [42], MnSi [145], 
Mn1-xFexGe [146], FeGe1−xSix [45], and Fe-Gd alloy [147] were also observed by using the 
LTEM as discussed in earlier Sections. 
In 2013, Romming et al. observed nanoscale isolated skyrmions in a PdFe bilayer on 
Ir(111) by using the spin-polarized scanning tunneling microscopy (SP-STEM) [39]. The 
field-dependent size and shape of single isolated skyrmions were then also identified by using 
the SP-STEM [148]. In 2017, Hsu et al. realized and observed the electric-field-induced 
switching of single isolated skyrmions in a Fe triple layer on Ir(111) by using the SP-STEM 
[123]. 
In 2014, Li et al. observed the imprinted skyrmions by using the element-specific 
XMCD and PEEM measurements [96]. In 2016, Moreau-Luchaire et al. realized additive DM 
interaction in Ir/Co/Pt multilayers at room temperature, where isolated skyrmions with 
dimeters below 100 nm were directly observed by using the STXM [50]. In the same year, 
Boulle et al. observed room-temperature skyrmions in sputtered ultrathin Pt/Co/MgO 
multilayers by using the photoemission electron microscopy combined with XMCD-PEEM 
[51], which identified the Néel-type nature of the skyrmion chirality. Woo et al. also 
observed room-temperature skyrmions and revealed their current-driven dynamics in 
Pt/Co/Ta and Pt/CoFeB/MgO multilayers by using the high-resolution MTXM and STXM 
[52, 112]. More recently, Woo et al. directly imaged ferrimagnetic skyrmions in GdFeCo 
films [149] and observed the writing and deleting dynamics of a ferrimagnetic skyrmion by 
using the time-resolved X-ray microscopy [116]. 
Indeed, skyrmion textures can also be directly observed by other methods. For 
example, by using the SPLEEM, Chen et al. imaged magnetic skyrmions in in-situ grown 
Fe/Ni bilayers in 2015 [55]. Moreover, X-ray holography offers a unique drift-free diffractive 
magnetic imaging characteristic with sub-10 nm spatial resolution, and was used to 
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demonstrate ultra-small skyrmions and their current-driven dynamics [115, 150]. Recently, 
mainly inspired by easy accessibility, a number of experimental studies reported the direct 
observation of skyrmions by using the polar magneto-optical Kerr effect (MOKE) 
microscopy [49, 77, 88, 125, 151]. For example, the first observation of room temperature 
skyrmions and the creation of skyrmions from stripe domain walls was directly imaged by 
using the MOKE microscopy [49]. 
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3.2. Electrical Reading 1: Topological Hall Resistivity Measurements 
The realization of reading skyrmions in an electrical manner is a crucial step toward 
the device applications based on skyrmions. A promising method to read skyrmions 
electrically is by harnessing the topological Hall effect (THE) of magnetic skyrmions [152-
156]. The THE arises from the Berry phase in a magnet with smoothly varying magnetization 
[157-159], which can occur due to the Berry curvature induced by magnetic skyrmions [154-
156], because conduction electrons must adiabatically obey the unique spin textures of 
magnetic skyrmions when the s-d coupling is strong [2]. 
In 2009, Neubauer et al. [152] experimentally studied the THE of the skyrmion 
crystal phase in MnSi, where a district anomalous contribution to the Hall effect in the 
skyrmion crystal phases was identified [see Fig. 10(a)]. Such a topological Hall contribution 
has an opposite sign to the normal Hall effect, and its prefactor is consistent with the 
skyrmion density in a quantitative manner. In 2012, Schulz et al. experimentally measured 
the temperature-dependent the Hall resistivity in MnSi under different strengths of applied 
electric current [41], where the depinning and motion of skyrmions were confirmed by direct 
observation of the emergent electric field of skyrmions. In the same year, magnetic 
skyrmions in epitaxial B20 FeGe(111) thin films was also identified by measuring the 
topological Hall resistivity due to the skyrmion textures [155]. Later in 2013, the skyrmions 
in epitaxial B20 MnSi thin films was observed by both THE and LTEM measurements [156], 
which reveal the presence of skyrmion phase over a much wider temperature-magnetic field 
range in compared with the skyrmion phase in bulk MnSi [see Fig. 10(b)]. 
In 2014, Yokouchi et al. studied the stability of skyrmions in epitaxial thin films of 
Mn1−xFexSi with various thicknesses and compositions by measuring the topological Hall 
resistivity as functions of temperature and applied field [160]. The topological and 
thermodynamic stability of skyrmions in MnSi was also studied by measuring topological 
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Hall resistivity [161]. In 2016, Matsuno et al. studied the interface DM interaction in epitaxial 
bilayers consisting of ferromagnetic SrRuO3 and paramagnetic SrIrO3 by measuring the THE 
[162], which demonstrated that the skyrmion phase is stabilized by interface-induced DM 
interaction. In 2017, Liu et al. demonstrated the creation and annihilation of skyrmion-
induced THE in Mn-doped Bi2Te3 topological insulator films [163]. 
Although the electrical measurements induced by THE were mostly conducted with 
crystalline materials where the existence of skyrmion lattice provides large collective 
electrical signal, recent reports by Maccariello et al. [164] [see Fig. 10(c)] and Zeissler et al. 
[165] [see Fig. 10(d)] demonstrated the electrical Hall measurements of individual room 
temperature skyrmion in sputter-grown films and nanostructures. However, the two 
demonstrations report large difference in the effective magnitude of topological Hall 
contribution from a single room-temperature skyrmion, which may need further 
investigations. 
On the other hand, it is noteworthy that, in 2016, Hamamoto et al. theoretically 
proposed a method to detect the skyrmion position in a pure electrical way by measuring the 
Hall conductance in a constricted geometry [166], where the Hall conductance is found to 
have a peak when a skyrmion is located at the lead position, while it reduces when a 
skyrmion is away from the lead. 
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Figure 10. Electrical reading of magnetic skyrmions by using the THE and MTJ. (a) 
Topological Hall effect in the A phase of MnSi. (a1) Hall resistivity ρxy near Tc in the 
temperature and field range of the A phase. (a2) Additional Hall contribution ρxy in the A 
phase. Data are shifted vertically for better visibility. Reprinted with permission from [152]. 
Copyright ©  2009 The American Physical Society. (b) Topological Hall effect in skyrmion 
phase of MnSi. (b1) The contour mapping of  ρTyx of the 10 nm B20 MnSi thin film. (b2) 
Lorentz TEM images (over-focused) at 30 K and 400 mT. Reprinted with permission from 
[156]. Copyright ©  2013 American Physical Society. (c) Variation in Hall due to a single 
skyrmion. Hall resistivity shows a change of 25 nΩ cm associated with the single-skyrmion 
formation. The insets are MFM images. Reprinted with permission from [164]. Copyright ©  
2018 Macmillan Publishers Limited, part of Springer Nature. (d) The normalized Hall 
resistance Rxy/Rxy,sat and the extracted Mz/Msat. The inset is the XMCD image of two 
skyrmions at -45 mT. Reprinted with permission from [165]. Copyright ©  2018 Macmillan 
Publishers Limited, part of Springer Nature. (e) Electrical detection of magnetic skyrmions 
by tunnelling non-collinear magnetoresistance. (e1) The signal change caused by the non-
collinear magnetoresistance dI/dU map of two skyrmions in PdFe/Ir(111); the inset presents a 
profile along the arrow. (e2) The dI/dU tunnel spectra in the centre of a skyrmion (red) and 
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outside the skyrmion in the FM background (black). a.u., arbitrary units. Reprinted with 
permission from [167]. Copyright ©  2015 Macmillan Publishers Limited. 
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3.3. Electrical Reading 2: Magnetic Tunnel Junction (MTJ) 
Recently, theoretical and experimental studies suggest the efficient large on/off ratio 
detection of skyrmions by measuring the magnetoresistance [167-170], i.e. by using and 
embedding MTJ sensors in skyrmion-based devices and circuits. 
In 2015, Du et al. experimentally identified the formation of clusters of individual 
skyrmions by measuring the magnetoresistance in MnSi nanowires [141, 168], where the 
number of skyrmions was revealed by quantized jumps in the magnetoresistance curves. In 
the same year, Hanneken et al. [167] proposed a pure electrical reading scheme of nanoscale 
skyrmions by measuring the tunnelling non-collinear magnetoresistance [see Fig. 10(e)]. The 
electric conductance signal due to the non-collinear magnetoresistance is sensitive to the 
local magnetic environment, and can directly detect and distinguish the collinear and non-
collinear magnetic states without using a magnetic electrode [167, 170]. Such a mechanism is 
different from the well-known giant magnetoresistance (GMR) [171], and tunnel 
magnetoresistance (TMR) effect [172], which are dependent of local magnetization directions 
in two magnetic layers. On the other hand, the electric reading of single isolated skyrmions in 
a current-perpendicular-to-plane geometry was also studied by Crum et al. from first 
principles [173], which is based on the effect of tunnelling spin-mixing magnetoresistance. 
In 2017, Tomasello et al. theoretically proposed a protocol for the electrical reading of 
a magnetic skyrmion by measuring the change of the TMR signal via a point-contact MTJ in 
a three-terminal device [169]. Similar method can also be used to read other magnetic 
solitons, such as magnetic bubbles, in racetrack-type devices [174]. Most recently, numerical 
simulations suggested that skyrmions can be directly created and detected in a MTJ with DM 
interaction in a pure electrical manner [175], which shows the possibility of designing the 
skyrmion-MTJ-based multibit storage and artificial neural network computation. 
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4. Processing Skyrmions 
4.1. Current-Driven Dynamics of Magnetic Skyrmions 
As briefly mentioned in Sec. 1.2, Jonietz et al. [40] observed the rotation of 
skyrmions arising from the interplay of current-induced spin-torque effects and thermal 
gradients. They found that the current density required to create observable STTs in skyrmion 
lattice phase of MnSi exceeds an ultralow threshold of ∼106 A m−2, which is over five orders 
of magnitude smaller than those typically applied in experimental studies on current-driven 
magnetization dynamics in nanostructures (∼1011 A m−2). These results indicate that the 
current-driven motion of magnetic skyrmions is of low-energy consumption. Therefore, the 
spin-polarized current serves as an effective method for driving and processing skyrmions. 
In 2011, Everschor et al. [103] theoretically proposed that skyrmions can be driven by 
the spin-polarized current via STTs. The translational mode and rotational mode can be 
induced by STTs. Using the method of Thiele [176], they projected the magnetization 
dynamics equation, i.e. the Landau-Lifshitz-Gilbert (LLG) equation onto the translational 
mode to derive an effective equation of motion – Thiele equation, 
𝑮 × (𝒗𝒔 − 𝒗𝒅) + 𝓓(𝛽𝒗𝒔 − 𝛼𝒗𝒅) = 𝟎,                                     (15) 
where 𝑮 is the gyrocoupling vector and 𝓓 is the dissipative tensor. 𝒗𝒔 is the velocity of the 
conduction electrons and 𝒗𝒅 is the drift velocity of skyrmions. 
In 2011, Zang et al. [177] considered the additional damping term in the LLG 
equation and theoretically proposed the skyrmion Hall effect (SkHE), where the skyrmion 
shows a transverse velocity when it is driven by the spin current. In 2013, the current-induced 
creation and motion of skyrmions are numerically demonstrated by Iwasaki et al. [61, 62] and 
Sampaio et al. [63] [see Fig. 11(a)]. Iwasaki et al. investigated the current-induced motion of 
skyrmions in the presence of geometrical boundaries [61, 62]. In a channel with a finite 
width, the transverse confinement results in steady-state characteristics of the skyrmion 
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velocity as a function of current density, which are similar to those of domain walls in 
ferromagnets. Sampaio et al. [63] considered two cases. One is the case of spin-polarized 
current injected under a current-in-plane geometry. The skyrmion is driven by the adiabatic 
and non-adiabatic STTs, 
𝝉adiab = 𝑢𝒎 × (
𝜕𝒎
𝜕𝑥
× 𝒎) , 𝝉non−adiab = 𝛽𝑢 (𝒎 ×
𝜕𝒎
𝜕𝑥
),                         (16) 
where 𝑢 = |
𝛾0ℏ
𝜇0𝑒
|
𝑗𝑃
2𝑀S
 with the reduced Planck constant ℏ, the electron charge e, the applied 
current density j, the spin polarization rate P, and the saturation magnetization MS. is the 
electron velocity and β is the non-adiabaticity factor. The other is the case driven by a vertical 
spin current, which can be obtained either by using a MTJ or by utilizing the spin Hall effect. 
The skyrmion is driven by the induced in-plane and out-of-plane torques, 
𝝉IP =
𝑢
𝑡
𝒎 × (𝒎p × 𝒎), 𝝉OOP = −𝜉
𝑢
𝑡
(𝒎 × 𝒎p),                            (17) 
where t is the film thickness and ξ is the amplitude of the out-of-plane torque relative to the 
in-plane one and 𝒎p is the current polarization vector. The numerical results obtained by 
Sampaio et al. [63] demonstrated that the efficiency of the vertical spin current to drive 
skyrmions is much higher than that of the in-plane current. 
In 2016, Woo et al. [52] experimentally demonstrated the stabilization of magnetic 
skyrmions and their current-driven motion in thin transition metal ferromagnets at room 
temperature, where a train of individual skyrmions can be driven into motion at speeds 
exceeding 100 m s−1 by current pulses (5 × 1011 A m-2) in the Pt/CoFeB/MgO multilayers 
track. In 2017, Jiang et al. [178] and Litzius et al. [179] directly observed the SkHE [see Fig. 
11(b)] in room-temperature experiments where skyrmions are driven by the current-induced 
SOTs. Similar to the charged particles in the conventional Hall effect, current-driven 
skyrmions acquire a transverse velocity component. As shown in Fig. 11(c), Jiang et al. 
observed a linear dependence of the skyrmion Hall angle on the driving current density, 
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which is possibly resulted by the pinning of skyrmions. They also changed the sign of the 
topological charge Q and the electric current, and thus, a strong similarity between the 
conventional Hall effect of the electronic charge was found. Litzius et al. also experimentally 
observed the dependency of the skyrmion Hall angle on the driving current density, while 
they suggested that this dependency is induced by the additional effect of the skyrmion 
deformation as well as the effect of the field-like SOT. 
In 2017, Legrand et al. [111] investigated the nucleation and spin-torque-induced 
motion of sub-100 nm skyrmions in Pt/Co/Ir trilayers, which enable additive DM interactions 
at the Pt/Co and Co/Ir interfaces [180]. In particular, they showed that such small compact 
skyrmions can be nucleated by applying a uniform current directly into tracks and 
subsequently be driven into motion via SOTs. 
In 2016, theoretical studies [84, 181] have predicted enhanced current-driven 
behaviors of antiferromagnetic skyrmions due to the elimination of SkHE. In 2018, Woo et 
al. [116] experimentally investigated the skyrmion in ferrimagnetic GdFeCo multilayers, 
where the stabilization of ferrimagnetic skyrmions and their current-driven dynamics were 
demonstrated. The distinctive nature is that the SkHE is not totally eliminated in the 
ferrimagnetic system since the magnetization are different between two antiferromagnetically 
coupled underlying sub-lattices. Indeed, they demonstrated that the current-driven 
ferrimagnetic skyrmion shows a small, but non-zero SkHE. They further confirmed that 
ferrimagnetic skyrmions can move at a velocity of ~50 m s−1 with reduced skyrmion Hall 
angle, |θSkHE| ~20°. In 2019, Hirata et al. [182] experimentally demonstrated that the SkHE 
can be totally vanished at the angular momentum compensation temperature of a ferrimagnet 
[see Fig. 11(d)], i.e. when the ferrimagnet becomes antiferromagnet. 
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Figure 11. (a) Skyrmion velocity v as a function of current density j for in-plane currents with 
different values of the non-adiabaticity parameter β (0.15, 0.30 and 0.60 in yellow, orange 
and brown lines and circles, respectively) and for vertical currents (blue line, squares for 
isolated skyrmion). Reprinted with permission from [63]. (b) Schematic of the skyrmion Hall 
effect. The spin textures of skyrmions are indicated by the arrows. Reprinted with permission 
from [178]. (c) Phase diagram of the skyrmion Hall angle as a function of current 
density/sign of topological charge obtained by tracking the motion of several tens of 
skyrmions. Reprinted with permission from [183]. (d) Current-driven elongation of magnetic 
bubble in GdFeCo/Pt films as a function of temperature. Reprinted with permission from 
[182]. 
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4.2. Information Storage: Racetrack Memory and Skyrmion-MTJ 
In 2013, Fert et al. [1] proposed that the skyrmion can be used to build the racetrack 
memory, which is based on the design of domain wall-based racetrack memory [184]. In the 
skyrmion-based racetrack memory, the information can be coded by the presence and 
absence of skyrmions, as shown in Fig. 12(a). In 2014, Tomasello et al. [185] showed the 
technological advantages and limitations of the manipulation of Bloch-type and Néel-type 
skyrmions by spin currents generated in the ferromagnetic layer or in the heavy-metal 
substrate arising from the spin Hall effect. They found that the Néel-type skyrmion driven by 
the spin torques due to the spin Hall effect is a very promising strategy for technological 
implementation of next-generation of skyrmion racetrack memories. 
In 2014, Zhou et al. numerically demonstrated a current-driven reversible conversion 
between a skyrmion and a domain-wall pair in a junction geometry [105]. The information 
encoded in domain walls can be transformed into skyrmions, and then read out by 
transforming skyrmions back to domain walls after a functional control of the skyrmions. 
Such a hybrid device has the potential to outperform domain-wall racetrack memory because 
that it combined advantages of domain walls and skyrmions for spintronic applications. 
In 2015, Zhang et al. [186] numerically investigated the effects of skyrmion-skyrmion 
and skyrmion-edge repulsions on the feasibility of skyrmion-based racetrack memory. They 
suggested that the practicable spacing between consecutive skyrmionic bits is determined by 
the DM interaction helix length, i.e. 4𝜋𝐴/|𝐷|, where A is the exchange constant and D is the 
DM interaction constant. Further, they demonstrated that by fabricating a notched tip at the 
end of the nanotrack is an effective and simple method to avoid the clogging of skyrmionic 
bits, which also enables the elimination of useless skyrmionic bits beyond the reading 
element. 
arXiv:1906.04718 [physics.app-ph]
Submitted Manuscript  Date: June 12, 2019 
Page 50 of 93 
It is worth mentioning that there exists an obstacle known as the SkHE, namely, when 
the skyrmion is driven into motion by a spin current, the trajectory of skyrmion bends away 
from the driving current direction due to the topological Magnus force [61, 84, 187], which is 
always perpendicular to the velocity. Consequently, the skyrmions may be destroyed by 
touching the nanotrack edges. In 2016, Zhang et al. [188] theoretically proposed a 
antiferromagnetically exchange-coupled bilayer system, i.e. a synthetic antiferromagnetic 
bilayer nanotrack, in which the SkHE can be suppressed as the Magnus forces in the top and 
bottom layers are exactly cancelled. This system severs as a promising platform where 
skyrmions can move in a perfectly straight trajectory even at an ultra-fast processing speed. 
In 2017, Tomasello et al. [189] investigated the performance of synthetic antiferromagnetic 
racetrack memory. They pointed out that two adjacent racetracks can be more closer as 
compared with the with single heavy metal/ferromagnet bilayer since the dipole interactions 
of the two antiferromagnetically coupled layers cancel each other and the disturbance is thus 
reduced significantly. 
In 2016, Kang et al. [190] also proposed a complementary skyrmion racetrack 
memory structure, in which the skyrmions can be selectively driven into two different 
nanotracks by using a voltage-controlled Y-junction. In such proposed structure, both data 
bits “0” or “1” are represented with the presence of a skyrmion, therefore improving the data 
robustness and clock synchronization. In 2018, a skyrmion-based multilevel device with 
tunneling magnetoresistance was proposed [175], in which a MTJ with stable intermediate 
states can be realized based on the skyrmionic states in the free layer [see Fig. 12(b)]. This 
design may also facilitate the electrical detection of skyrmions. 
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Figure 12. (a) The illustration of skyrmionic racetrack memory, in which the skyrmions 
exhibit the same velocity. The colour scale shows the out-of-plane component of 
magnetization, mz. Reprinted with permission from [1]. (b) Illustration of a skyrmion-based 
MTJ and Magnetization−current hysteresis loops obtained by simulating the switching of R = 
60 nm MTJs with different D and stray field BS. Reprinted with permission from [175]. (c) 
The top-view of the nanotracks under different spin current density j as well as different 
voltage-controlled perpendicular magnetic anisotropy Kuv. Initial state: both the electric field 
and spin current are turned off; the skyrmion keeps its position on the left side of the 
nanotrack. Off state: both the electric field and spin current are turned on. The spin current 
drives the skyrmion moving toward the right, while the electric field, which results in the 
change of PMA in the voltage-gated region, leads to the termination of the skyrmion when it 
approaches the voltage-gated region. On state: the electric field is turned off but the spin 
current is turned on. The skyrmion driven by the spin current passes the voltage-gated region 
and reaches the right side of the nanotrack. Reprinted with permission from [71]. (d) 
Skyrmion logical AND operation. The skyrmion represents logical 1, and the ferromagnetic 
ground state represents logical 0. Left panel, the basic operation of AND gate 1 + 0 = 0. 
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Middle panel, the basic operation of the AND gate 0 + 1 = 0. Right panel, the basic operation 
of the AND gate 1 + 1 = 1. (e) Skyrmion logical OR operation. The skyrmion represents 
logical 1, and the ferromagnetic ground state represents logical 0. Left panel, the basic 
operation of OR gate 1 + 0 = 1. Middle panel, the basic operation of the OR gate 0 + 1 = 1. 
Right panel, the basic operation of the OR gate 1 + 1 = 1.  (d) and (e) are reprinted with 
permission from [70]. 
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4.3. Information Computing: Transistor-Like Devices and Skyrmionic Logic 
In 2015, Zhang et al. [71] proposed a skyrmion-based transistor-like functional device 
[see Fig. 12(c)], where a gate voltage can be used to switch on/off a circuit. The PMA in the 
gate region is locally controlled by an applied electric field due to the charge accumulations. 
For the ON state: the spin current is turned on but the electric field is turned off. The 
skyrmion driven by the spin current passes the voltage-gated region. For the OFF state: both 
the electric field and the spin current are turned on; the electric field changes the PMA in the 
voltage-gated region and creates an energy barrier, leading to the termination of the skyrmion 
when it approaches the voltage-gated region. Zhang et al. numerically demonstrated that the 
working conditions can be controlled by tuning the amplitude of applied electric field and 
spin current, while proving the scalability of this transistor-like device. In the same year, a 
similar idea on the control of skyrmion dynamics by a gate voltage was also proposed by 
Upadhyaya et al. [72], which also suggests the transistor-like function of skyrmions. In 2017, 
Xia et al. [191] numerically demonstrated the skyrmion-based transistor-like functional 
device also can be driven by spin waves and the working conditions can be adjusted by the 
amplitude and frequency of spin waves, as well as the applied voltage on the gated region. 
Later in 2018, Zhao et al [192] also numerically demonstrated the antiferromagnetic 
skyrmion transistor-like device based on strain manipulation. 
In 2015, Zhang et al. [70] theoretically proposed that skyrmions can be reproduced 
and merged in junction geometries based on the reversible conversion between skyrmions 
and domain walls [105]. They demonstrated that the logic AND [see Fig. 12(d)] and OR [see 
Fig. 12(e)] operations can be realized based on the duplication and merging of skyrmions. In 
their proposed skyrmionic logic devices, binary digit “0” corresponds to the absence of a 
skyrmion and binary digit “1” corresponds to the presence of a skyrmion. There are two input 
branches and one output branch in the device. The logic AND operations, “0” + “0” = “0”, 
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“0” + “1” = “0”, “0” + “1” = “0”, “1” + “1” = “1”, can be implemented in the designed 
geometry. For example, “1” + “0” means that there is one skyrmion in input A and no 
skyrmion in input B. Under the driving force provided by the spin current, the skyrmion in 
branch A moves toward the output side. The skyrmion is first converted into a domain wall 
pair and the domain pair fail to convert into skyrmion in the wide Y-junction. Then, no 
skyrmion exists in the output branch. Thus, the logic operation “1” + “0” = “0” is thus 
realized. Similarly to the AND operation, the OR operation, “0” + “0” = “0”, “0” + “1” = “1”, 
“0” + “1” = “1”, and “1” + “1” = “1”, can also be implemented in a slightly modified 
geometry. For example, in the OR operation, “1” + “0” means that there is one skyrmion in 
input A and no skyrmion in input B. Under the driving force provided by the spin current, the 
skyrmion in branch A moves toward the output side. The skyrmion is first converted into a 
domain wall pair and the domain pair is then converted into skyrmion in the narrow Y-
junction. Therefore, there is one skyrmion in the output branch finally, and the operation “1” 
+ “0” = “1” is implemented. 
Soon after the numerical demonstration of the first prototype of skyrmionic logic 
computing device, a number of works on skyrmion logic emerged. For example, in 2015, 
Zhang et al. [193] designed the skyrmion-based NIMP, XOR, and IMP gates. In 2016, Xing 
et al. [194] numerically demonstrated the NAND and NOR gates by using both domain walls 
and skyrmions. In 2018, Luo et al. [195] numerically demonstrated logic functions including 
AND, OR, NOT, NAND, NOR, XOR, and XNOR in the ferromagnetic nanotrack by virtue 
of various effects including SOT, SkHE, skyrmion-edge repulsions, and skyrmion-skyrmion 
collision. 
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4.4. Bio-Inspired Computing: Skyrmions for Neuromorphic Devices 
In 2017, Huang et al. proposed that the skyrmion can be used to build a skyrmion-
based artificial synapse device for neuromorphic computing. They numerically demonstrated 
the short-term plasticity and long-term potentiation functions based on skyrmions in a 
nanotrack. The synaptic weight of the proposed device can be strengthened/weakened by 
positive/negative stimuli, mimicking the potentiation/depression process of a biological 
synapse. Also, the resolution of the synaptic weight can be adjusted based on the nanotrack 
width and the skyrmion size. Later in 2017, Li et al. [74] demonstrated a magnetic skyrmion-
based artificial neuron device based on current-induced skyrmion motion in a nanotrack. The 
neuronal activity of a biologic neuron was realized with the tunable current-driven skyrmion 
motion dynamics of a single skyrmion. In 2018, Chen et al. [196] proposed a compact neuron 
device with a wedge-shaped nanotrack, in which the state of the back and forward behavior is 
determined by the competition between the current-induced force and the edge-induced 
repulsive force. In 2018, Chen et al. [197] proposed a magnetic skyrmion-based device to 
emulate the core functionality of neurons and synapses for an all-spin spiking deep neural 
network. The synaptic weight can be adjusted by the number of skyrmions under the read 
MTJs, and the resolution can be improved by having multiple branches with various 
conductance ranges. Besides, in 2018, Prychynenko et al. [76] demonstrated the skyrmion-
based reservoir computing applications, in which a single skyrmion is embedded in a 
ferromagnetic ribbon. The reservoir computing was realized via a two-terminal device with 
nonlinear voltage characteristics originating from magnetoresistive effects. Most recently in 
2019, Zázvorka et al. experimentally demonstrated a thermal skyrmion diffusion-based signal 
reshuffling device [88], which shows the possibility of using skyrmions for future 
probabilistic computing device. 
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5. Summary and Outlook 
5.1. Potential Novel Materials: Antiferromagnet, Synthetic Antiferromagnet, 
Ferrimagnet, Frustrated Magnet and 2D van der Waals Magnet 
In this section, we give a future outlook on magnetic skyrmions in terms of potential 
novel materials and other possible topological spin textures. From the viewpoint of possible 
skyrmion-hosting materials, many previous works have focused on the ferromagnet, which is 
the most commonly known and important class of magnetic materials that has been employed 
in commercial products, such as modern hard disk drives. There are also two other 
technologically promising classes of magnetic materials, namely, the ferrimagnets and 
antiferromagnets, which can be used to host skyrmions. For example, several theoretical 
studies have demonstrated that skyrmion textures can be stabilized and manipulated in 
antiferromagnets [84, 181, 198-200]. 
For the last few years, antiferromagnetic spintronics has received much attention from 
the magnetism community as the antiferromagnetic materials have several intrinsic properties 
that may lead to a better performance of spin dynamics suitable for practical applications 
[201, 202]. In particular, several theoretical works have suggested that the magnetic 
skyrmions in antiferromagnets may have better mobility in compared to that in ferromagnets 
[84, 181, 203]. In ferromagnets, the magnetic skyrmion driven by an external force, such as 
the spin current, usually shows an undesired transverse shift, which may result in the 
destruction of skyrmion at sample edges. Such a phenomenon is referred to as the SkHE as 
mentioned in Sec. 4, which is attributed to the Magnus force induced by the topological 
nature of the skyrmion. In antiferromagnets, as shown in Fig. 13(a), a magnetic skyrmion can 
be regarded as two coupled sublattice skyrmions with opposite topological charges, which 
means that the Magnus forces acted on the two sublattice skyrmions can be exactly cancelled 
and therefore, leading to the straight motion of the antiferromagnetic skyrmion along the 
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direction force direction [84, 181, 203]. Compared to the current-driven skyrmions in 
ferromagnets, the speed of antiferromagnetic skyrmions can also be significant improved [84, 
181, 203]. Similar to the skyrmions in antiferromagnets, the bilayer skyrmions in the 
synthetic antiferromagnets [see Fig. 13(b)] also have a zero topological charge and show no 
SkHE when they are driven by external driving forces [188, 189, 204]. Theoretical works 
also suggest that the multilayer skyrmions in a synthetic antiferromagnetic multilayer packed 
with even constituent ferromagnetic layers are also immune from the SkHE [205]. 
On the other hand, ferrimagnets are also composed of two sublattices which favor 
antiparallel alignment of spins between each other, where the magnetic moments of the two 
sublattices are not equal and lead to a net magnetic moment. Therefore, the ferrimagnetic 
skyrmions [see Fig. 13(c)] should have intermediate properties between ferromagnetic and 
antiferromagnetic ones. Indeed, ferrimagnetic skyrmions have non-zero SkHE, but their 
SkHE is much reduced in compared to the ferromagnetic skyrmions [149]. Recent reports 
also demonstrated that compensated ferrimagnets can have zero SkHE [182] as well as 
largely improved current-driven velocity suggested by the current-driven motion of domain 
walls in compensated ferrimagnets [150]. Due to the absence or reduction of the SkHE and 
their inherent fast dynamics, both antiferromagnetic and ferrimagnetic skyrmions can reach a 
very high speed without being destroyed at sample edges. Therefore, antiferromagnets, 
synthetic antiferromagnets, and ferrimagnets are considered as possible skyrmion-hosting 
materials, where the dynamic performance of skyrmions can be remarkably improved in 
compared with their counterparts in conventional ferromagnetic materials. 
Recently, another type of magnetic materials with exotic and particular properties, i.e. 
the frustrated magnet, has been reported to host magnetic skyrmions. The frustration in 
magnets can be raised from competing exchange interactions, and usually leads to complex 
magnetic phase diagrams. In 2012, Okubo et al. theoretically discovered that the skyrmion 
arXiv:1906.04718 [physics.app-ph]
Submitted Manuscript  Date: June 12, 2019 
Page 58 of 93 
lattice can be stabilized in a frustrated magnet by an order-from-disorder mechanism [28]. In 
2015, Leonov and Mostovoy theoretically investigated a rich phase diagram of an anisotropic 
frustrated magnet and properties of frustrated skyrmions with arbitrary vorticity and helicity 
[206]. Then, many exotic and unique properties of frustrated skyrmions have also been 
studied theoretically [13, 207-210]. For example, the energy of a skyrmion with a vorticity 
number of Qv = +1 is identical to that of an antiskyrmion with a vorticity number of Qv = -1. 
Namely, the skyrmion energy in frustrated magnets can be irrespective to the skyrmion 
helicity [211]. Also, a frustrated skyrmion may show coupled dynamics of its helicity and 
center of mass, which can result in the rotational skyrmion motion [211-213]. Indeed, the 
coupled dynamics of a frustrated skyrmion depends on many factors. In 2017, Zhang et al. 
[212] theoretically reported the current-induced helicity locking-unlocking transition 
phenomenon of a frustrated skyrmion, which suggests the dipolar interaction may also play 
an important role in the dynamics of skyrmions in the frustrated magnets, especially at low 
temperature. 
Owning to the multiple degrees of freedom of skyrmions in frustrated magnets, it is 
anticipated that frustrated skyrmions can be used as versatile information carriers to perform 
information storage and computing. As shown in Fig. 13(d), in 2017, Hou et al. successfully 
observed various and spontaneous skyrmion bubbles in a frustrated kagome magnet by using 
the LTEM at room temperature [59]. 
Very recently, it has been reported that 2D van der Waals (vdW) crystals can also 
have long-range intrinsic ferromagnetism in few materials with strong magnetic anisotropy 
[214, 215], e.g. Cr2Ge2Te3 or CrI3, whereas such magnetic order is usually strongly 
suppressed by thermal fluctuations [see Fig. 13(e)], as predicted by the Mermin-Wagner 
theorem [216]. This discovery of 2D magnets opened a whole new door toward 2D 
heterostructure-based spintronics, as a result, there appeared significant following interests 
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and efforts revealing the possibility of such devices by demonstrating the magnetoresistance 
effect in 2D magnets [217], gate-tunable room-temperature 2D magnets [218] and current-
driven magnetization switching [219] and so on. Due to the broken inversion symmetry and 
expected large SOC (induced by heavy atomic component) of some representative 2D 
magnets, e.g. Fe3GeTe2, it was suggested that 2D magnets might permit the presence of DM 
interaction that could stabilize magnetic skyrmions [220, 221]. 
Nevertheless, continuous studies on potential novel skyrmion-hosting materials could 
reveal more unexpected but remarkable properties and features of skyrmions that can be 
utilized to perform more efficient information processing in the future. 
 
 
Figure 13. Skyrmions in potential novel materials. (a) The AFM Skyrmion is composed of 
two topological objects with opposite topological charge; hence, the Magnus force acts in 
opposite directions. The strong coupling between the sublattices leads to a perfect 
cancellation of the two opposing forces, and so, the AFM Skyrmion has no transverse 
motion. Reprinted with permission from [84] and [181]. (b) Illustration of a bilayer skyrmion 
in an AFM-coupled nanodisk and the current-induced motion of skyrmions in the top and 
bottom FM layers of an AFM-coupled bilayer nanotrack. Reprinted with permission from 
[188]. (c) Schematic of antiferromagnetically exchange-coupled ferrimagnetic skyrmion on a 
magnetic track as observed in GdFeCo films and sequential STXM images showing the 
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responses of multiple ferrimagnetic after injecting unipolar current pulses. Reprinted with 
permission from [149]. (d) Skyrmionic bubbles in a frustrated kagome Fe3Sn2 magnet 
imaged using LTEM at 300 K. Reprinted with permission from [59]. (e) Temperature-
dependent magnetization of the bulk crystal Cr2Ge2Te6 measured by SQUID under fields of 
0.025 T (red) and 0.3 T (blue). The inset shows the crystal structure of Cr2Ge2Te6. Bulk 
Cr2Ge2Te6 has a layered structure with interlayer vdW spacing of 3.4 Å . Reprinted with 
permission from [214]. 
  
arXiv:1906.04718 [physics.app-ph]
Submitted Manuscript  Date: June 12, 2019 
Page 61 of 93 
5.2. Other Topological Spin Textures: Antiskyrmion, Skyrmionium, Biskyrmion, 
Meron, Antimeron, and Bimeron 
During extensive studies on magnetic skyrmions since a decade ago, a number of 
derivative concepts on skyrmion-like objects were created and envisioned for practical 
applications. As reviewed in Sec. 1, the skyrmion structure and its topological charge are 
determined by both in-plane and out-of-plane spin configurations. That is to say, there could 
be a variety of different skyrmion-like objects due to the modification of either the in-plane 
or out-of-plane spin configuration in principle. For example, most studies have focused on 
Néel-type and Bloch-type skyrmions with topological charge of |Q| = 1, however, several 
recent theoretical and experimental reports have revealed that antiskyrmions [27, 210, 222-
227] and skyrmioniums [130, 228-232] have special dynamic properties and can be employed 
as information carriers similar to conventional skyrmions. 
In compared to skyrmions with Qv = +1, the antiskyrmion has different in-plane spin 
textures, which leads to an opposite-sign vorticity of Qv = -1 as well as largely different 
current-induced motion as reported in several recent studies [211-213, 221, 233]. In 2017, 
Nayak et al. [27] for the first time observed the antiskyrmions in tetragonal Heusler materials 
above room temperate, as shown in Fig. 14(a). The skyrmion with Qv = +1 and antiskyrmion 
with Qv = -1 can be used to carry different binary information bits in a same spintronic 
device. Namely, the skyrmion stands for digital “1”, and the antiskyrmion stands for digital 
“0”. In such a case, it is expected that information can be computed based on the 
manipulation of skyrmions and antiskyrmions. It should be noted that both skyrmions and 
antiskyrmions are stable or meta-stable solutions in frustrated magnets [211-213]. 
On the other hand, the skyrmionium is also referred to as the target skyrmion [228], 
which has a topological charge of zero, but can be regarded as a combination of a skyrmion 
with Q = +1 and a skyrmion with Q = -1. The topological charge difference between the 
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skyrmionium with Q = 0 and skyrmion with Q = +1 originates from their out-of-plane spin 
textures. The skyrmionium structure was first studied in a theoretical work by Bogdanov and 
Hubert in 1999 [22]. Then, it was experimentally created by a laser and observed in real 
space by Finazzi et al. in 2013 [130]. As the skyrmionium has a zero skyrmion number, it is 
immune from the SkHE and can be used to reliably delivery information in narrow and long 
nanotracks. Recently theoretical and simulation works have demonstrated that both spin 
currents and spin waves are able to drive skyrmioniums into motion in narrow nanotracks 
[174, 229, 230, 232]. In 2018, Zhang et al. [231] realized the real-space observation of a 
skyrmionium in ferromagnetic thin films coupled to a magnetic topological insulator [see Fig. 
14(b)]. 
The skyrmion structure with a topological charge of |Q| = +2 is referred to as the 
biskyrmion. Theoretically, the skyrmion with Qv = +2 can be excited from a skyrmion with 
Qv = +1 by external stimuli, such as the STT [234]. The biskyrmion with Qv = +2 can also be 
formed by merging two skyrmions with Qv = +1, as theoretically demonstrated in frustrated 
magnets [212]. In 2014, Yu et al. [44] observed biskyrmions in a layered manganite by using 
the LTEM [see Fig. 14(c)], and realized the current-driven motion of biskyrmions. Recent 
years, more experiments works revealed the rich dynamics of biskyrmions in different type of 
magnetic materials [235-238]. However, Loudon et al. pointed out in a recent report that the 
images of biskyrmions observed by LTEM can be explained as type-II magnetic bubbles 
viewed at an angle to their axes [239]. Note that the type-II magnetic bubble has a topological 
charge of zero and thus is topologically trivial. 
The above mentioned antiskyrmion, skyrmionium, and biskyrmion are existed in 
easy-axis magnets. In easy-plane magnets, there is also a counterpart of skyrmions, i.e. the 
so-called bimeron [70]. The bimeron consists of a meron and an antimeron, which forms an 
asymmetric spin texture carrying a topological charge of |Q| = 1. For this reason, the bimeron 
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is also referred to as a meron-antimeron pair [240-242] or an asymmetric skyrmion in easy-
plane magnets [243, 244]. The meron and antimeron were originated in classical field theory 
[245], of which the concept was then studied in different systems. For example, the bimeron 
was theoretically studied in quantum Hall systems in 2011 [246]. 
Similar to skyrmions in easy-axis magnets, the bimeron is a localized and compact 
quasi-particle like spin textures in easy-plane magnets. Recently theoretical works have 
suggested that an isolated bimeron in either easy-plane ferromagnets or easy-plane 
antiferromagnets can be driven into motion by STTs [247]. The mutual conversion between a 
skyrmion and a bimeron is also an important issue, which is essential for future spintronic 
circuits based on different topological spin textures. In 2014, Zhang et al. numerically 
demonstrated the possibility that a single isolated skyrmion in an easy-axis magnet can be 
transformed to a single isolated bimeron in an easy-plane magnet through a bridge-like 
narrow nanotrack junction connecting the easy-axis and easy-plane magnets [70]. In 2018, as 
shown in Fig. 14(d), the magnetic field-driven transformation between meron-antimeron pair 
lattice and skyrmion lattice was experimentally realized in a chiral magnet by Yu et al. [248]. 
 
 
Figure 14. Other topological spin textures similar to skyrmions. (a) Under-focused LTEM 
images of antiskyrmions taken at fields applied along [001] of 0.29 T for antiskyrmions in 
Mn1.4Pt0.9Pd0.1Sn. Reprinted with permission from [27]. (b) XPEEM image of an isolated 
skyrmionium obtained at the Fe L3 edge of the NiFe top layer at a temperature of 44 K in 
zero applied magnetic field. Reprinted with permission from [231]. (c) The spin texture of 
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biskyrmion lattice in a bilayered manganese oxide La2-2x Sr1+2x Mn2 O7 with x = 0.315. 
Reprinted with permission from [44]. (d) Real-space magnetization textures of a square 
lattice of merons and antimerons in a thin plate of the chiral-lattice magnet Co8Zn9Mn3. 
Reprinted with permission from [248]. 
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5.3. Summary 
In this review, we have focused on key device application-relevant findings and 
advances that have been made in the emerging field of skyrmionics since the first 
experimental identification of skyrmions in 2019, which might indeed enable practical 
applications in the future. We have reviewed the writing and deleting of skyrmions by using 
different methods, including magnetic field, electric field, electric current, and laser. The 
imaging of skyrmions by different state-of-art experimental techniques as well as the direct 
electric reading of skyrmions by topological Hall resistivity measurements and MTJ detection 
are also discussed. Moreover, as the processing of skyrmions is fundamental to any 
skyrmion-based functional device applications, relevant findings have been reviewed with a 
focus on the implementation of skyrmion-based racetrack memory, logic computing devices 
and other emerging devices. The skyrmionics is a rapidly growing field, in which a number 
of main topics have been expanded and many promising new topics have been introduced. 
Therefore, we have also introduced and put forward an overview on recent skyrmion research 
of different material systems as well as different skyrmion counterparts. We envision that 
skyrmionics will continue to be an active and intriguing field of study, where more 
theoretical and experimental findings on the manipulation of skyrmions and their 
counterparts will emerge to support the development of practical applications and products 
for industry. 
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